NiCr coatings were deposited on some boiler tube steels by High Velocity Oxy Fuel spraying process using LPG as fuel gas. Hot corrosion behaviour of uncoated as well as HVOF sprayed specimens was studied in an environment of Na 2 SO 4 -60%V 2 O 5 at 900°C under cyclic conditions. The thermogravimetric technique was used to establish the kinetics of corrosion. SEM/EDAX, XRD and EPMA techniques were used to analyse the corrosion products. The NiCr coating found to be very effective in decreasing the corrosion rate of the uncoated steels. The NiCr coated samples showed no cracking or spalling of oxide scale during hot corrosion. The formation of protective oxide scale as observed may be contributing to the development of hot corrosion resistance in the coatings studied, which mainly consists of oxides of NiO, NiCr 2 O 4 and Cr 2 O 3 .
Introduction
Now a day, long lifetime is required of infrastructures because the environmental regulation and labor costs on repairing are expected to become increasingly prohibitive hereafter. In order to obtain such a long lifetime, corrosion of structural steels is one of the problems to be solved. 1) Alloys used at high temperature should possess good mechanical properties along with erosion-corrosion resistance. However, it is impossible for a single material to have all these properties, along with ease of manufacturing. Therefore, a composite system of a base material providing the necessary mechanical strength with a protective surface layer, different in structure and/or chemical composition can be an optimum choice in combining material properties.
2) Thus the recent use of coatings to protect the components has some acceptance in the industry. Coating provides a way of extending the limits of use of materials at the upper end of their performance capabilities, by alloying the mechanical properties of the substrate materials to be maintained while protecting them against wear or corrosion. 3) In coal-fired steam generating plants, fireside of boiler tubes comes in contact with sodium and sulphur impurities, present either in coal or in combustion air, which react to form sodium sulphate (Na 2 SO 4 ). Wang et al. 4) observed in their studies on the oil fired power generators that the deposition of sulfide or sulfate salts and ashes are the typical hot corrosion sources. The hot corrosion is enhanced, if the deposit is in the molten state. In their study they concluded that the deposition of Na 2 SO 4 accelerated the oxidation of alloy at 1 000, 1 100 and 1 200 K.
Most of the high temperature alloys rely on oxide scale to resist high temperature corrosion. In modern power plants, protective oxide scales are not formed on low alloy steels if partial pressure of oxygen in combustion atmosphere is too low. In such reducing atmosphere sulfur in fuel is released as H 2 S that is very corrosive compared to SO 2 released in oxidizing atmosphere. Corrosion is faster in sulfidizing atmosphere than in oxidizing combustion atmosphere because cation diffusion in sulfides is much faster than cation diffusion in corresponding oxides. Sulfide scales grow rapidly and spall more easily than oxide scales. 5) Ni based coatings are used in applications, where wear resistance combined with oxidation or hot corrosion resistance is required. Numbers of authors have reported that the pure metal oxides of Ni and Co base alloys are not protective enough when working temperature exceeds 550°C. Addition of other elements namely Cr, Al, and Si have improved their corrosion resistance due to the establishment of more protective oxide layers such as Cr 2 O 3 , Al 2 O 3 or SiO 2 respectively. They further reported that thick and dense HVOF deposited NiCr coatings yields a better steam oxidation resistance than the thin porous APS deposited NiCr coatings. 6, 7) Uusitalo et al. 8) studied high temperature corrosion of some HVOF sprayed NiCr based coatings and reported that homogeneous and dense coatings with high chromium con-tent perform well in protecting the substrate material. Nickel-chromium alloys have been used as coatings to deal with oxidation environments at high temperature. When nickel is alloyed with chromium, this element oxidises to Cr 2 O 3 at rates which could make it suitable for use up to about 1 200°C, although in practice use is limited to temperatures below about 800°C. 9) The objective of the present work is to observe the high temperature corrosion mechanisms for HVOF metallic coatings of NiCr on boiler steels namely ASTM-SA-210 GrA1, ASTM-SA213 (T-11) and ASTM-SA213 (T-22) in an aggressive environment of molten salt (Na 2 SO 4 -60%V 2 O 5 ). X-Ray Diffraction (XRD), Scanning Electron Microscopy/Energy-Dispersive Analysis (SEM/EDAX) and Electron Probe Microanalysis (EPMA) techniques have been used to characterise corrosion products after hot corrosion under cyclic conditions at 900°C.
Experimental Procedure

Development of Coatings
Substrate Materials
Three types of boiler tube steels: low carbon steel ASTM-SA210 grade A1 (GrA1); 1Cr-0.5Mo steel ASTM-SA213-T-11 (T11) and 2.25Cr-1Mo steel ASTMSA213-T-22 (T22) have been used as substrate steels. These materials are used as boiler tube materials in some of power plants in northern India. Low carbon steel (GrA1) has generally been used to construct the water wall. The other two types of steels are employed when conditions are more stringent from the point view of temperature and pressure. The chemical composition of these steels is reported in Table 1 . These steel samples were cut to form approximately 3ϫ15ϫ15 mm 3 sized specimens. The specimens were polished and grit-blasted with Al 2 O 3 (grit 45) prior to application of the HVOF spray coatings.
Coating Wire
The Ni-20Cr coating wire, having diameter of 3.17 mm, was used in the study.
The wire was commercially available, and supplied by MEC-Jodhpur, India.
Formulation of Coating
Samples were grit-blasted before HVOF spraying. All the process parameters, including the spray distance, were kept constant throughout the coating process. Around 300 mm thick coating was deposited with a collaboration of Metallizing Equipment Co. Jodhpur (India) on a commercial HIPOJET-2100 (MEC Jodhpur, India) apparatus operating with oxygen and LPG as fuel gases. The substrate steels were cooled with compressed air jets during and after spraying. The spraying parameters are given in Table 2 . After coating specimens were sectioned, mounted and polished for metallurgical examination along the cross-section. SEM, EDAX, and XRD techniques were used to analyse various parameters of coatings. Cross-sectional micro-hardness was evaluated using micro-hardness tester (HMV-2 series, Mitsubishi). Porosity has also been evaluated for the coated steels after wheel cloth polishing with the help of Image analyzer (Soft-Imaging System, Germany) at TIET, Patiala, India.
Molten Salt Corrosion Tests
Cyclic oxidation studies were performed in molten salt (Na 2 SO 4 -60%V 2 O 5 ) for 50 cycles, with each cycle consisting of 1 h of heating at 900°C followed by 20 min cooling at room temperature. The aim of the cyclic loading is to create severe conditions for testing. The studies were performed for uncoated and coated samples for the purpose of comparison. The base metal specimens were mirror-polished down to 1 mm alumina wheel cloth polishing before corrosion studies. The coating of uniform thickness of 3-5 mg/cm 2 of Na 2 SO 4 -60%V 2 O 5 was applied with a camel hairbrush on preheated samples (250°C). Weight-change measurements were taken at the end of each cycle using an electronic balance (model 06120) with a sensitivity of 1 mg. Any spalled scale was also included at the time of weighing to determine the total rate of corrosion. Efforts were made to formulate the kinetics of corrosion. The corrosion products were visually observed to record color, spalling and peeling of scale during cyclic corrosion. The samples after corrosion were examined by SEM, EDAX and XRD for surface analysis. The samples were then cut and mounted for cross-sectional analysis by EDAX and EPMA.
Results
Thickness, Hardness and Porosity Measurements for as Sprayed Coatings
The porosity of the coatings has been found to be less than 1 % and the thickness as measured from the Back Scattered Electron (BSE) Images is around 300 mm.The microhardness of the substrate and coated samples was measured across the cross section, with the help of a microhardness tester. The microhardness of the substrate steels measured to be around 230 Hv. The average microhardness value of the NiCr coatings has been determined to be around 400 Hv. The results are presented in Fig 1. The crosssectional morphology of the coating shows that the coating in general exhibit characteristics splatlike, layered morphology due to the deposition and resolidification of molten particles. The long axis of the impacted splats are oriented parallel to the substrate surfaces ( Fig. 2(a) ). Macrographs presented in Fig. 2(b) showing surface appearance of uncoated and coated steels after cyclic oxidation for 50 cycles in Na 2 SO 4 -60%V 2 O 5 at 900°C.
Corrosion Kinetics
The weight gain (per unit area) during corrosion test for the substrate steels and for NiCr coating in the presence of a salt layer of Na 2 SO 4 -60%V 2 O 5 mixture at 900°C, have been plotted in Fig. 3 . The uncoated steels show parabolic behaviour and indicate maximum weight gain is observed in the case of T22 steel. On the other hand, uncoated GrA1 and T11 steels show a lower weight gain throughout the entire range up to 50 cycles; the maximum weight gain is nearly 0.82 and 0.55 times that of T22 respectively. All the three NiCr coated steels have shown much less weight gain, which is approximately 1/33, 1/17 and 1/21 of that perceived by uncoated steels respectively in the given molten salt environment. The coated GrA1 steel showed least weight gain and coated T22 steel showed highest weight gain compared to T11 coated steels. The coated steels have not shown any sever spalling of scale, but only color had changed from gray to dark gray. The uncoated GrA1 steel has shown spalling right from 5 cycle. Peeling of oxide scale was observed during 15th cycle and subsequently metallic sound was heared during cooling in next few cycles. In case of uncoated T11 and T22 steels spalling started right from second cycle, and cracks started forming from very fifth cycle which eventually resulted in the peeling of the scale. The uncoated T22 steel had indi- cated comparatively high extent of spalling of scale. The color of the spalled scale from uncoated steels was blackish gray. Some swelled spots were also observed on the surface of uncoated T11 and T22 steels during corrosion cycles. The coated T22 steels showed embossing line on the surface after 35th cycle. Three types of uncoated and coated steels follow nearly parabolic law so far as the corrosion kinetics is concerned, upto 50 cycles. The parabolic rate constant Kp was obtained from the slope of the linear regression fitted line (cumulative weight gain/area) 2 vs. number of cycles and is shown in Table 3 . The nature of fit, parabolic rate law, for hot corrosion experiments are also shown in Fig. 4. 
Oxide Phase Constitution
The XRD patterns of the hot corroded specimens after 50 cycles are shown in the Figs. 5 
Surface Morphology of the Scales
SEM photographs showing surface morphology of the uncoated and the coated steel after cyclic hot corrosion are shown in Fig. 7 . EDAX analysis for all the uncoated steels show Fe 2 O 3 to be the predominant phase and other minor phases were MnO, SO 3 , SiO 2 etc. Oxide scale analysis of the coated GrA1 steel scale the point analysis indicated the presence of small quantities of Fe 2 O 3 and Cr 2 O 3 along with higher percentage of NiO (96.06 %).The EDAX of coated T11 steel scale showed higher amount of Fe 2 O 3 than other phases. The scale of coated T22 steel again at one point indicated higher percentage of NiO, but at the embossed point, scale was found to be richest in Fe 2 O 3 . The EDAX analysis also indicates the small amount of MnO and SiO 2 in the scale of coated steels. In case of coated T22 steel, some embossed lines rich in iron oxide ware also noticed.
Cross-sectional Analysis of the Oxide Scales
The hot corroded samples were cut across the cross section with slow speed cutter (ISOMET 1 000 Precision Diamond Cutter) and were then mounted in transoptic mounting resin and mirror polished to study the cross sectional details of corroded samples. The EDAX results are shown in Fig. 8 . T11 and T22 types of steels, when corroded in molten salt, formation of iron oxide was revealed by EDAX analysis. In case of T11 type of steel silicon precipitated to substrate boundary as revealed by point 3 and 4. However, all the coated steel substrates were not oxidized below the coating. Diffusion of iron and silicon from the substrate to the coating was also noticed.
EPMA maps for T-22 substrate steel are indicated in Fig.  9 . From the analysis of maps, it's clear that oxide scale is mainly consisted of Fe 2 O 3 . The Cr 2 O 3 is also presented in the scale and generally where Cr is presented Fe is absent. Si and Mn are also present in a scattered manner, from the map of Mo it seems that it has moved and reached up to the Table 3 . Average scale thickness and value of the parabolic rate constant (Kp).
Fig. 4. (Weight gain)
2 vs. number of cycles plot for coated and uncoated steels subjected to cyclic oxidation for 50 cycles in Na 2 SO 4 -60%V 2 O 5 at 900°C. top of scale. It can also be seen from BSE image that the scale has detached from the substrate. From the analysis of EPMA map for T-11, NiCr coated corroded steel (presented in Fig. 10 ), it's clear that Fe has diffused into the top of scale. Whereas Ni has diffused into the substrate. The main scale is consisted of Ni and Cr, where concentration of Cr is more. Cr has oxidized along boundaries of splats. The Ni is in less concentration and vice versa. The Si is presented at substrate/scale interface. Whereas Fe is present in the top of scale. The other elements are absent. EPMA analysis of T22, NiCr coated and corroded steel are indicated in Fig.  11 . From the first look on BSEI it appears immediately that coating has retained its structure. Ni and Cr are present through out the scale. Whereas concentration of Cr is higher in the upper scale followed by higher concentration of nickel. Fe has also diffused from the substrate into the scale and has reached up to the top of scale, where continuous layer of the Fe is present at the top of scale. The Si pockets in higher concentration are present in the scale, Ni has also diffused into the substrate.
Discussion
The uncoated steels showed intense spalling, peeling of scale and enormous weight gain. The higher corrosion rate during initial hours of study might be attributed to the rapid oxygen pick up by diffusion of oxygen through the molten salt layer. This behavior is identical to the results reported by Sidhu et al. 10) Tiwari et al. 11) and Hamid et al. 12) during their hot corrosion studies. The identification of Fe 2 O 3 in the scales of uncoated steels after hot corrosion experiments indicated that non protective conditions were established when Na 2 SO 4 -60%V 2 O 5 melted on the surface. The formation of Fe 2 O 3 in the spalled scale has also been reported to be non protective by Das et al 13) during their hot corrosion study on Fe 3 Al-based iron aluminides in Na 2 SO 4 atmosphere. This can be attributed to depletion of iron due to oxidation to form the upper scale, thereby leaving chromium rich pocket that are further oxidized to form iron chromium spinel.
2) The uncoated T11 and T22 steels, when corroded in molten salt, formed a thick layer of iron oxide as revealed by cross sectional EDAX analysis. The scale is porous and irregular along its length in the case of uncoated T22 steel. Similar formation of an irregular scale was reported by Wang 14) for 2.25Cr-1Mo (T22) steel at 600°C. Uusitalo et al. 8) has further reported that the scale on 2.25Cr-1Mo steel was porous and partially spalled off. The corrosion rate of T22 steel is very high as compared to the other two types of steel. Spalling may be one of the reasons for this. Spalling may be attributed to the oxides of Mo, which causes alloy-induced acidic fluxing. 15) Fryburg et al. 16) reported the formation of Na 2 MoO 4 from MoO 3 that accumulates along the oxide scale. The effect of Mo on static hot corrosion was also studied by Peters et at. 17) and they concluded that the breakaway catastrophic attack was clearly related to the Mo content and presumed that this is associated with the failure of the protective scale. This is further clear from the EPMA maps for Mo (Fig. 9) , where movement of Mo in the upper scale can be seen clearly.
In T11 type of steel silicon precipitates at the substrate/scale boundary was also noticed, as revealed by EPMA and also indicated by point 3. The diffusion of Fe seems to have almost reached the surface of coatings as indicated by EPMA graphs. However, all the coated steel corroded in the same environment had Ni and Cr oxide in the outer layer. Outward diffusion of iron and silicon from the substrate to the coating was also noticed. Diffusion of Fe to the coating has also been reported by Sunararajan et al. 6) in their studies on HVOF sprayed Ni-20Cr coating on 9Cr-1Mo steel, where Fe diffused to the coating and Ni diffused into the substrate. Outward diffusion of Cr and inward diffusion of Ni in coating as observed is in agreement with results reported by Tiwari et al. 11) and Rapp et al.
18)
The presence of chromium in the scale of T22 steel, as indicated by EPMA, is consistent with the findings of Sidhu et al. 2) EPMA analysis indicated the Cr and Ni as main ele-ments in coatings. White area in coating micrograph found to be rich in Ni. The protection behavior of coatings may be explained in view of the results reported by Uusitato et al, 5) where the corroding species reported to propagates through the voids andoxide at splat boundaries of coatings. Due to strongly flattened splats, the distance from the coating surface to coating/substrate interface along the splat boundary is very long, and thus high corrosion resistance is offered by the coating. The absence of scale at the substrate/coating interface was noticed in cross sectional BSE images, which is closely correlated with their fine layered structure and low porosity. All the three type of substrate steels were not oxidized below the coating. High corrosion resistance of coating may be due to strong splat adhesion, which made coating impermeable to corrosion species. Accumulation of few oxygen pockets was found at the coating substrate interface during EDAX analysis, which is believed to be entrapped during coating. The EDAX analysis of the corroded samples presented in Figs Composition image (BSEI) and X-ray mapping of the cross section of T22 steel subjected to cyclic corrosion in molten salt at 900°C (75ϫ).
Fig. 10.
Composition image (BSEI) and X-ray mapping of the cross section of NiCr coated T11 steel subjected to cyclic corrosion in molten salt at 900°C (400ϫ).
Fig. 11.
Composition image (BSEI) and X-ray mapping of the cross section of NiCr coated T22 steel subjected to cyclic corrosion in molten salt at 900°C (500ϫ).
